In the Year of Professor Jan Czochralski, we with pleasure review the representative recent works of our group, Optical Single Crystals Group, NIMS, Japan. Our group has been working on the development of novel single crystals for optical applications based on the Czochralski technique. Here, 4 kinds of topics are reviewed. 1st one is ferroelectric uoride BaMgF4 single crystals for UV nonlinear optical applications including quasi-phase matching device fabrications. 2nd one is transparent conductive β-Ga2O3 single crystals as semiconductor, which has large band-gap, 4.8 eV, for LED applications. 3rd one is F-doped core-free Y3Al5O12 single crystals as a potential new lens material for UV/VUV wavelength region. Last one is superior magneto-optical {Tb3}[Sc2−xLux](Al3)O12 single crystals for near infrared to visible region, and CeF3/PrF3 single crystals for UV region.
Introduction
Recently, optical technology progress in a wide range of applications, and at the same time, still demands the further development. One of the key issue is to present new optical sources in UV/VUV wavelength region. Another one is to increase laser power. Since conventional crystal materials face some of the limitations, these issues require new optical single crystals.
From these view points, we have been working on the development of novel single crystals for the diverse optical applications. In this review, ferroelectric uoride, β-Ga 2 O 3 , F-doped core-free Y 3 Al 5 O 12 and magneto--optical garnet single crystals including some of the additional topical crystals, which have advantageous characteristics toward the above demands, will be introduced as representative recent research subjects of our group (homepage of our group: www.nims.go.jp/group/oscg/ index_e.html ).
The Czochralski technique is actually one of the most important and widely used technique among all the crystal growth techniques. Especially for industrial applications, Czochralski technique is remarkably precious one, which enables the large size and low cost crystal growth.
Several famous crystal growth techniques are also derived from the Czochralski technique. For instance, Kyropoulos technique is used for sapphire growth. Liquid encapsulated Czochralski (LEC) technique enables the growth of volatile semiconductors such as GaAs and InP. Edge--dened, lm-fed growth (EFG) technique is also developed to realize a shaped crystal growth. One of the most favorable characteristic of the Czochralski technique is that we can feel we are growing beautiful bulk single crystals. We can see all the growth process by our eyes, and when we change parameters, crystals show/reply to * corresponding author; e-mail: SHIMAMURA.Kiyoshi@nims.go.jp us during growth at very high temperature. This is really a delicious avor of the crystal growth. At the same time, nothing can be worse than to see grown crystals sank into the melt and disappear.
Since the Czochralski technique is successfull to satisfy both industrial severe requirements and happiness of crystal growers, we mainly work with this technique. At the same time, we use the derived technique from the Czochralski one, mostly EFG technique. In this article, some of our novel crystals grown by these techniques are reviewed with biggest pleasure inYear of Professor Jan
Czochralski. If we could show the great importance of the Czochralski technique for the science and industry, that would be the ultimate happiness.
Ferroelectric uoride BaMgF 4
Excimer lasers are the currently used coherent light sources for UV/VUV wavelength region, namely, ArF (193 nm) and KrF (248 nm). These present several disadvantages such as fast degradation, toxicity and low beam quality, and therefore alternative sources are strongly requested. All solid-state lasers (ASSL) emitting at short wavelengths are realized by second-, third-and fourth--harmonic generation using oxide nonlinear crystals such as β-BaB 2 O 4 , CsLiB 6 O 10 , LiB 3 O 5 , and Li 2 B 4 O 7 , which can be birefringent phase matched [1] , whereas the lack of optical grade nonlinear crystals transparent in the UV, as well as large Poynting-vector walk-o inherent to the birefringent phase matching at short wavelengths, have fundamentally made impossible the SHG in the UV/VUV. A new approach, the quasi-phase matching (QPM), which was theoretically predicted already in the 60's [2] , is being developed since the beginning of the 90's [3] . By this method, the frequency conversion is obtained by the use of a ferroelectric crystal, which has been periodically poled (PP) in µm order domains. SHG by QPM has been shown in well-known nonlinear crystals, such as LiNbO 3 or LiTaO 3 [4] . These crystals, however, cannot be used in the UV/VUV wavelength region, since [5] . Among these, BaMgF 4 is attracting much attention since it is transparent in the UV/VUV [6, 7] , with a decreasing transparency towards the cuto wavelength at approximately 130 nm. The origin of the optical losses in the UV/VUV has not been cleared yet, but a correlation with the concentration of scattering centers in the VIS has been observed [7] . BaMgF 4 has been studied as a host crystal doped with transition metal and rare earth for ASSL applications [8, 9] . Further, thin lms of BaMgF 4 have been investigated for memory applications, namely metal-ferroelectric-semiconductor eld-eect transistors [10, 11] . The ferroelectric properties, however, are not established yet; Eibschuetz et al. [5] obtained the reversal of the spontaneous polarization and MgF 2 powders were weighted and mixed in stoichiometric composition. CF 4 gas (> 99.999%) was owed into the furnace and the powders were melted at approximately 920
• C [15] . An oriented BaMgF 4 single crystal was used as a seed. The crystal rotation and pulling rate were xed at 10 rpm and 1 mm/h, respectively. A detailed description of the growth characteristics is reported elsewhere [7] . Figures 1 and 2 are examples we have grown by the same technique [16] . over 99% (calculated as the ratio between the remanence and the spontaneous polarization, P r /P s ). Ferroelectric properties obtained from these loops are summarized in Table. The spontaneous polarization, with a value of 6.6 µC/cm 2 , is lower than the reported ones [5, 11] and about a third of KTiOPO 4 . On the other hand, the coercive eld varies between 4 and 24 kV/cm [13] . paper. Subsequently, 368 nm SHG, which is close to the limit of the pulsed Ti:sapphire laser, was also obtained.
The shortest emission obtained so far is 277 nm from 554 nm laser of MOPA as fundamental source, shown in Fig. 7 [18] . In order to achieve emission at shorter wavelengths similar to those of the gas excimer lasers, the grating period needs to be considerably shortened.
The realization of these periods gets towards the limit of standard photolithographical processes, which use contact masks and a minimum pitch of approximately 1 µm.
The shortest period achieved so far is shown in Fig. 8 .
This photograph shows a c-cut BaMgF 4 sample after the poling process. The ferroelectric domain structure is visualized by a selective etching process of +c and −c surfaces. The obtained period is 6.6 µm, just about double of the one necessary for 193 nm emission.
Substrate single crystal β-Ga 2 O 3
Although heteroepitaxial growth of gallium nitride compounds on sapphire is well established, sapphire does not represent an adequate candidate because of its insulating character. SiC is at present the most used conductive substrate for the growth of gallium nitrides [19] .
However, due to the lack of transparency in the blue wavelength region, optical losses have to be taken into account for the design of LEDs. The search for alternative substrates has been pursued intensively [20] , and it is still a remaining issue.
β-Ga 2 O 3 belongs to the group of the transparent conductive oxides (TCOs). It exhibits the largest band gap among them, E g = 4.8 eV (260 nm) [21] , and thus a unique transparency from the VIS into the UV region. This is an important property for the future generations of optoelectronic devices operating at shorter wavelengths. Due to the high transparency in the VIS wavelength region and the n-type conductivity, β-Ga 2 O 3 is a new substrate candidate for the growth of gallium nitrides. The crystal structure of β-Ga 2 O 3 has the monoclinic symmetry, with space group C2/m [22] , lattice parameters a = 12.23 Å, b = 3.04 Å, c = 5.80 Å and β = 103.7
• .
β-Ga 2 O 3 is the only stable modication at high temperature, which remains stable upon cooling. Here, the stable crystal growth of β-Ga 2 O 3 , which is indispensable to achieve large size single crystals, was analyzed. By Core-free nature was conrmed by the polarizing microscope observation of the vertically sliced wafers toward Fig. 15 . Polarizing microscope photos of core-free Y3Al5O12 (Fig. 14) and standard Y3Al5O12. We have designed a new garnet single crystal, After the precise determination of α and V , the MO gure of merit (FM), dened as V /α, has been estimated and is plotted in Fig. 21 .
It is seen that ral growth [35, 36] . FM of these crystals were measured and summarized in Fig. 25 These results indicate that CeF 3 has a high potential to be implemented in OIs operating in the near UV-VIS wavelength region, while PrF 3 is the unique candidate for devices that should work in the UV, below 300 nm.
